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Highlights 
 Novel method to estimate decarbonisation technology deployment potential at higher 
education campuses developed based on review of campus characteristics literature 
and city-scale decarbonisation studies. 
 Applied to Irish higher education campuses to illustrate operationalisation of method. 
 Major potential identified for deployment of decarbonisation technologies at Irish 
campuses. 
 Contributes to campus characterisation literature on relationship between building 
gross internal area, building roof area and carpark area.  
 Method applicable to city scale studies due to similar characteristics between higher 
education, commercial and industrial buildings and open carparks in cities.  
 
 
This paper describes a method for the quantitative estimation of the potential of decarbonisation 
technologies deployed on Higher Education Campuses (HEC). This was developed to fill the 
need for a practicable and standardised method to provide preliminary estimations of the 
deployment potential of building integrated photovoltaics (PV), micro-wind turbines, rainwater 
harvesting and ground mounted PV at HECs. The method identifies two key variables, namely 
roof area and open carpark area, to aid estimation of decarbonisation technologies deployment 
at HECs, using Google Earth imagery coupled with publicly available online HEC maps. The 
method was trialled for the higher education sector in Ireland identifying major potential for 
deployment of decarbonisation technologies for the sector. The building decarbonisation aspect 
of the proposed approach is applicable to sectors outside HEC particularly commercial and 
industrial sectors due to similarity in building footprint characteristics. The open carpark 
component of the methodology is also applicable to city-scale analysis due to uniformity in 
form of open carparks worldwide. This highlights the usefulness of this method through 
informing city-scale transitions towards decarbonisation.  
1. Introduction 
Human activity has resulted in alteration of the environment on a global scale (Steffen et al., 
2011; Giljum et al., 2014; Brunner and Rechberger, 2017). Total anthropogenic metabolism 
(input, output and stock of materials and energy needed to satisfy all human needs) has 











in human population, but also due to increased material throughput per capita (Steffen et al., 
2011; Brunner and Rechberger, 2017). Given that anthropogenic activities are putting strain on 
our supporting biosphere’s ability to perpetuate human systems, urgent and ambitious action is 
needed to avoid major threats posed to ecosystem functions (Meadows et al., 2004; Rockstrom 
et al., 2009; Haum and Loose, 2015). 
The role of cities in transitioning to more sustainable development patterns is critical, with half 
of the world’s population currently living in cities and accounting for as much as three quarters 
of global energy consumption and greenhouse gas emissions (Gouldson et al., 2016). Cities are 
increasingly leading efforts to address climate change mitigation signing up to networks to 
reduce carbon emissions such as the C40 Cities Climate Leadership Group (Mi et al., 2019). 
District and campus-based initiatives have been identified as pertinent in facilitating 
sustainability and decarbonisation at city-scale (He et al., 2018). 
Higher Education Campuses (HEC) may be viewed as a microcosm of cities due to their large 
size, diverse population and the numerous complex activities, and operations which occur on 
their campuses and the resulting direct and indirect environmental impacts (Alshuwaikhat and 
Abubaker, 2008; Jain et al., 2017). From a global perspective the environmental impacts related 
to HECs are relatively small compared to other sectors (Derrick, 2013; Lang and Kennnedy, 
2016). However, the crucial difference between education and other sectors is that the 
education sector has an opportunity to play a transformative role in global change (Derrick, 
2013). In relation to experimentation and demonstration of sustainability solutions, HECs have 
been identified as ideal testing grounds, and HECs having begun to measure and manage their 
greenhouse gas emissions, with inventories and carbon reduction plans published by numerous 
campuses internationally (Streiff and Ramanathan, 2017; Meier et al., 2018; Victor et al., 
2018).  
The aim of this paper is to report on a method to estimate the potential of decarbonisation 
technologies deployment at HEC sectorial level for countries. To develop the method, a review 
of the characteristics of HEC was undertaken, coupled with a review of existing 
decarbonisation technology deployment at city scale. The approach was then applied to the 
HEC sector in Ireland to illustrate how the approach may be operationalised. Results were 
analysed which allowed characterisation of HECs and evaluation of the relevance of the 
proposed method to city-scale decarbonisation analysis.  
2. Literature Review: Characterisation of HECs and decarbonisation technology 
deployment studies at city-scale 
To facilitate fair comparison between HECs and to aid in the dissemination of sustainability 
best practice amongst similar HECs, campus characterisation is a necessary prerequisite. 
According to Lang (2015) there is strong correlation between an HEC environmental 
performance and its campus characteristics, namely climatic zone and institution type. Climatic 
conditions derived from location are useful in estimating the resource use of HEC (Lang, 2015; 
Sonetti et al., 2016), particularly energy use due to heating and cooling requirements. Climatic 











potentials vary with local climatic and geographical conditions. For example, Ireland receives 
15%-22% of the global irradiation of Moura (Portugal) and 26%-38% of the global irradiation 
of Leipzig (Germany) (Murphy and McDonnell, 2017). Contrast in renewable energy potentials 
due to climatic conditions can also be observed at a national level, with the west of Ireland 
having higher wind speeds compared to the east of the country, while the south east has greater 
solar potentials (Met Éireann, 2018).  
 
Another important indicator identified in relation to HEC categorisation was institution type, 
especially the research intensity of the institution (Baboulet et al., 2009; Larsen et al., 2013; 
Lang, 2015). Scientific HECs specialising in scientific research tended to have higher resource 
throughput when compared to HECs specialising in business and humanities (Baboulet et al., 
2009). According to Khoshbakht et al., (2018) the energy use intensity of Australian HECs had 
a major impact on energy consumption. Khoshbakht et al. 2018 identified that scientific 
buildings had the greatest average energy intensity whereas arts, education, law and health 
related buildings had the least in terms of average energy intensity (kWh/m2 /year). 
 
While Sonetti et al., (2016) identified HEC function and climatic conditions as important 
factors in characterising HEC, they also identified ‘urban morphology’ as a useful way to 
classify HECs, characterising HEC as either (i) institutions that are urban units in their own 
right, that is, HEC that have their own campus boundary separating the institution from the 
surrounding community, and (ii) a scattered group of buildings and infrastructure nested within 
an urban area. Sonetti et al., (2016) noted that failure to take urban morphology into account 
limits useful comparison between campuses, as different indicators are required to track 
progress towards sustainability for both scattered city-based campuses and single boundary 
institutions that tend to be located away from city centres.  
 
From the international literature (Klien-Banai and Theis, 2011; Sonetti et al., 2016; HESA, 
2017) and available data for Irish HECs (SEAI, 2018a), it was found that material and energy 
flows at HECs were strongly correlated with Gross Internal Area (GIA) (R2 value of 0.98). The 
relationship between GIA and total final energy consumption at Irish HECs is shown in Figure 
1. The relationship between HECs and material and energy flows reflects observations in 
relation to Irish settlements, where settlement size is a strong predictor of environmental 
performance (Moles et al., 2008; O’Regan et al., 2009). Similar relationships have been 
observed in megacities globally with building footprint area and total electricity usage of local 
municipalities in Buenos Aires, Argentina found to be strongly correlated (R2 value of 0.97), 
while commercial and industrial floor space and electricity usage in London boroughs were 
also strongly correlated (R2 value of 0.90) (Kennedy et al., 2015).  This paper builds on this 
research by explaining an approach that quantifies the physical dimensions of HECs, namely 
building roof surface area and open carpark surface area, to facilitate HEC characterisation and 












Figure 1: Relationship between gross internal area and total final energy consumption at Irish HECs (Derived from SEAI, 
2018a) 
Sector wide analysis of decarbonisation potentials at HECs is becoming more common (Meier 
et al., 2018; Victor et al., 2018), however no published approach currently exists to aid 
preliminary scoping of the deployment potential of decarbonisation technologies on campuses. 
City-scale feasibility studies of the potential to deploy decarbonisation technologies offer 
lessons to the development of a preliminary approach to estimate such potentials at HECs 
Adam et al., (2016) in their methodology for city-scale assessment of renewable energy 
generation potential, utilised inputs extracted from Geographic Information Systems (GIS) 
such as annual solar insolation, annual windspeed and asset footprint area, to calculate the 
average annual generation of all sites and sizes, with aggregate estimations of city installation 
capacity. Singh and Banerjee, (2015) outlined an approach to estimating the solar photovoltaic 
potential of Mumbai which entailed quantification of building footprint area using Google 
Earth satellite imagery and rooftop utilisation factors from the academic literature to estimate 
photovoltaic-available roof area. The potential PV output was then found for the photovoltaic-
available roof area using solar insolation data for the region (Singh and Banerjee, 2015).  
Similarly, Ali et al, 2018 estimated the solar photovoltaic (PV) potential of the island of 
Hulhumalé in the Maldives by estimating its building roof area utilising the polygon tool on 
Goggle Earth Pro coupled with roof utilisation factors from the international literature and their 
own assumptions to estimate the area of roof that was suitable for PV installations. Monthly 
solar radiation data from NASAs Surface Meteorology and Solar Energy database were then 
utilised to estimate theoretical solar PV output potentials. Similar methodologies have been 
applied to estimating PV potentials in mega cities with the potential for up to 23% of New 
York City electricity coming from rooftop PV (Byrne et al. 2015). To estimate the potential for 
rain water harvesting in Jordan, the Al-Jubiha and Shafa-Badran districts in Amman city were 
analysed using Google Earth satellite imagery and ArcGIS tools to estimate rooftop area which 
was then coupled with local rainfall data and runoff coefficients to estimate rain water 
harvesting potential (Al-Houri et al.,2014). From reviewing city-scale feasibility studies 

























assessing the potential for deployment of decarbonisation technologies, the steps involved in 
the method to aid preliminary scoping for the HEC sector were developed.   
3. Outline of the Preliminary Scoping Approach to Estimate the Potential for 
Decarbonisation Technologies Deployment at HECs 
A practicable and standardised method was developed to provide a preliminary estimation of 
the deployment potential of building integrated photovoltaics (PV), micro-wind turbines, 
rainwater harvesting and ground mounted PV at HECs as to date no such method has been 
described in the literature.  This proposed approach fills this gap by outlining a method to aid 
preliminary estimation of deployment potential at HECs, as major data gaps currently exist for 
the sector.  The approach harnesses publicly available free-to-use tools and data which allow 
for global replication, with further opportunities in linking student learning to their HEC 
environment. The underlying assumption in developing this method is that by estimating the 
area of building roofs and carparks at HECs, a preliminary estimate of the outcomes of 
deploying decarbonisation technology may be discerned.  The steps involved in the approach 
are as follows: 
1. Estimation of HEC carbon emissions based on publicly available data, utilising bottom 
up and top down approaches.  Proxies were used where data gaps existed. 
2. Collation of the official online maps of each HEC, to identify buildings and open 
carparks under their control. 
3. Utilisation of the polygon tool on Goggle Earth to estimate roof area and open carpark 
area identified on the HEC. 
4. Identification of and application of appropriate utilisation factors and installed capacity 
per unit available area for each technology from the technological literature to estimate 
deployment potential. 
5. Assessment of local climatic conditions at each HEC to estimate energy and material 
output from deployed technologies. 
6. Quantification of carbon savings from deployed technologies.  
3.1. Estimate HEC carbon emissions 
This step entails estimating the carbon emissions associated with an HEC. This step was not 
present in the city-scale feasibility studies reviewed as they focused on deployment of 
decarbonisation technologies, without estimating carbon savings.  Several studies have been 
carried out to determine the carbon emissions of HEC activities. From a national perspective 
in Ireland, carbon footprint studies have been published for UCC campus (CPCU, 2013), DCU 
Glasnevin campus (Walpole and Fahy, 2016) and Trinity College Dublin (TCD, 2018). From 
an international perspective, baseline studies include (Klein-Banai and Theis, 2011; Ozawa-
Meida et al., 2013; Larsen et al., 2013; Li et al., 2015; Townsend and Barrett, 2015; Gomez et 
al., 2016; Lang and Kennedy, 2016; Jain et al., 2017; HESA, 2018; Robinson et al., 2018).  
 
Based on previous studies the most used standard was the Greenhouse Gas Protocol (GHGP) 
Corporate Accounting and Reporting Standard (2004) that was developed by the World 











(WBCSD). To ensure comparability of carbon footprints between the national and international 
literate this standard was utilized for this study.  
 
The GHGP categorises organisational emissions according to three scopes:  
 Scope 1 direct GHG emissions. These emissions occur from sources that are owned or 
controlled by the HEC, for example, emissions from fossil fuel combustion related to 
campus buildings and vehicles. 
 Scope 2 electricity indirect GHG emissions. These include emissions from the 
purchased electricity, defined as electricity that is purchased or otherwise brought into 
the organisational boundary of the HEC.  
 Scope 3 other indirect GHG emissions. Scope 3 is an optional reporting category that 
allows for the accounting of all other indirect emissions. Scope 3 emissions are a 
consequence of the activities of HECs but derive from sources not owned or controlled 
by them. Some examples of Scope 3 activities are extraction and production of 
purchased materials, transportation of purchased fuels, and processing of waste. 
 
The aspects of each scope and associated units of activity data is shown in Table 1. The 
calculations involved in estimating the carbon footprint of HEC entails gathering activity data 
associated with each scope from either onsite sources (bottom-up) or derived from national 
data sets (top-down). The activity data of each scope is than multiplied by national carbon 
emission factors or proxies where emission factors were not available.  
Table 1: Each aspect and activity data units for carbon footprint. 
Scope Aspect Activity data units 
Scope 1 Stationary Combustion kWh by energy source 
Mobile Combustion kWh or L 
Scope 2 Purchased Electricity kWh 
Scope 3 Student Commute km by mode 
Staff Commute km by mode 
Waste kg per category 
Water Supply m3 
Waste Water m3 
Supply Chain € per category 
 
3.2. Collation of the official online maps of each HEC 
A necessary prerequisite to estimating roof and carpark area at HECs is the identification of 
buildings and carparks that are under the HEC control. To ensure standardisation of 
methodology in terms of selecting which buildings and carparks are assessed, official campus 
maps that may be found online for the year of analysis were deemed the most appropriate 
approach. 











Google Earth Pro desktop application was chosen for this method as it free of charge to use, 
with internet access being the only obstacle to its use which adds to the method’s international 
applicability. Google Earth’s relative ease of use, as compared to other Geographic Information 
Systems, was also a factor in its selection to facilitate students and staff without technical 
backgrounds to quantify the potential to deploy decarbonisation technologies on their HEC. 
The main limitation associated with utilising Google Earth to estimate roof area is that it does 
not capture the sloped roof area of buildings as satellite imagery is composed of 2D imagery. 
This leads to an underestimation of roof area as all roof area is assumed to be flat. The images 
may also be at a slight incline due to the position of the satellite over the geographic area, which 
also limits accuracy in measuring roof area. However, these limitations have a marginal impact 
on accuracy of estimations, with the difference between actual roof area and roof area estimated 
by Google Earth being between 2-6% for rooftops in the Maldives (Ali et al, 2018). The roof 
area of each HEC building may be measured using Google Earth by drawing a polygon of the 
outer perimeter of each building (equal to ground floor area) to estimate the gross roof area of 
the buildings. The same process is replicated for estimating carpark area at HEC.   
3.4. Utilisation factors and installed capacity per unit available area for each technology 
Utilisation factors estimate the area of each building roof or carpark that is suitable for 
deployment of PV, based on factors such as structural and architectural constraints, shading 
and solar constraints (Singh and Banerjee, 2015). From reviewing the international academic 
and technological literature, utilisation factors may be identified related to HEC local urban 
form or developed where gaps in data exist. The potential installed capacity of PV that may 
then be placed on each unit of area that was deemed suitable for PV may be estimated taking 
into consideration factors relevant to PV system installation such as spaces between modules 
and slope of PV mount as identified in published case studies. 
No literature was identified relating to utilisation factors for building integrated micro-wind 
turbines and therefore assumptions are required in estimation of how many turbines may be 
placed on HEC area.  
Runoff coefficients measure the percentage of rainwater volume that falls on a roof surface that 
may be collected by rainwater harvesting. Losses may be due to spillage, leakage, roof wetting 
and evaporation (Li et al., 2010). The runoff coefficients for an HEC may be determined from 
national or city studies from where the HEC is located.  
3.5. Local climatic conditions at each HEC in estimation of energy and material output 
In order the estimate the potential energy output and water savings per annum associated with 
the technologies identified there is a need to quantify local climatic conditions. Various GIS 
tools are publicly available to quantify the potential electricity output from PV installations 
based on solar irradiance of the selected site, such as the Photovoltaic Geographic Information 
System 5 (PVGis5, 2018) and the Global Solar Atlas (Solargis, 2019).  Such tools require input 
data relating to solar database utilisation, PV technology, PV installation size, system loss, 











In relation to wind, GIS tools are available to estimate local annual wind speed, such as the 
Global Wind Atlas (DTU, 2019) or national wind maps at higher resolutions, such as the SEAI 
wind atlas in Ireland (SEAI, 2018). Micro-wind turbine electricity output may be obtained by 
coupling average wind speed at each site with the annual energy production curve of the chosen 
turbine model.  
To estimate annual rainfall at an HEC, the World Bank provides rainfall data worldwide at a 
national scale (WorldBank.org, 2019). However, higher resolution data may be publicly 
available from weather agencies within each country, with local weather stations closest to an 
HEC providing the best proxy to estimate annual rainfall.  
3.6. Quantification of carbon savings 
The last step of this method involves calculating the carbon savings associated with deployment 
of each technology. This is achieved by multiplying the amount of electricity or water 
generated by the decarbonisation technology by the relevant carbon emission factor of the 
activity that is being decarbonised. To calculate carbon savings relative to baseline figures 
established in step 1, the carbon saving associated with each technology is subtracted from the 
baseline.  
4. Case Study: Irish Higher Education Campuses  
The approach to aid preliminary estimation of decarbonisation technology potential at HEC 
was applied to the Irish HEC sector to illustrate how the approach may be operationalised in 
practice. As of 2019 there are no publicly available data relating to Irish HEC building roof 
and open carpark area. Application of the approach to Ireland fills this data gap.  
4.1. Estimation of Carbon Emissions of Irish HEC Sector  
Scope 1 (onsite combustion of fossil fuels) and 2 (purchased electricity) emissions for the 
sector were estimated using bottom-up energy data from the SEAI public sector monitoring 
and reporting system for 2016 measured in kWh (SEAI, 2018). Data from the SEAI were 
converted from total primary energy requirement to total final consumption and subsequently 
multiplied by the relevant carbon emissions factors supplied by the SEAI. Scope 1 emissions 
for the sector were estimated at 59,738 tCO2 (including mobile emission from campus fleets) 
and scope 2 emissions from purchased electricity were estimated at 107,979 tCO2.  
 
From the international literature and national data sources it was found that material and energy 
flows at HECs were strongly correlated with Gross Internal Area (GIA), as shown in Fig. 1. 
Data   for Fig.1 included six out of seven universities and seven out of fourteen Institutes of 
Technology in Ireland. Gaps in data were due to HECs reporting their progress per full time 
student equivalent rather than in relation to GIA in meeting energy efficiency targets for the 
Public Sector Energy Efficiency Action Plan (DCCAE, 2017).  To fill gaps in data, the 
relationship between total final consumption and GIA was utilized to estimate unknown GIA 











To fill data gaps, bottom-up activity data relating to solid waste generation and water supply 
from individual HEC (where data were available, primarily from individual HEC websites) 
were also coupled with GIA to estimate carbon emissions. Material flows coupled with GIA 
generated conversion factors of 3.2 kg/m2 for waste and 0.8 m3/m2 for water supply 
consumption were then multiplied by the GIA of each individual HEC, resulting in sectoral 
estimations of 8,058 t of waste and 2,147,248 m3 water supply consumption. Waste water 
activity for the HEC sector was estimated based on proxy data from the UK HEC sector, where 
0.91 m3 of waste water is generated per m3 of water supply consumed (HESA, 2017) resulting 
in activity data of 1,953,996 m3 for the Irish HEC sector. Emission factors from the UK were 
utilised for water supply, waste water and solid waste as no Irish emission factors are currently 
published. This explains why carbon emissions relating to scope 3 emissions for the Irish HEC 
sector is reported in tCO2e as this is the convention in the UK.  
Commuting carbon emissions were estimated from previous carbon footprint studies of 
individual HEC in Ireland (CPCU, 2013; Walpole and Fahy, 2016) coupled with the University 
of Limerick’s Smarter Travel Survey data (Higgins and Collins, 2016). The sector’s 
commuting carbon emissions were estimated to be 930 kgCO2e per staff commute and 413 
kgCO2e per full time equivalent student commute, in each case per annum.  
Supply chain emissions were estimated by disaggregating national education services financial 
data at purchaser prices for 2014 (CSO, 2018) for the higher education (HE) sector. According 
to the SEAI, HECs account for approximately 60% of the spending on energy and energy use 
in the education sector (SEAI, 2017a). However, this data set related to responses from 977 
schools, when there are approximately 4,000 primary and secondary schools in the country. If 
the consumption of schools were scaled up to include 4,000 schools, the HEC share of spending 
was estimated to be 34% of education spending. Based on this relationship, it was assumed that 
the HEC sector in Ireland accounted for at least 34% of education services consumed for each 
intermediate consumption category. In order to estimate the environmental impacts of these 
monetary flows, conversion factors were required to transform them into environmental 
impacts. Emission factors for Ireland’s economy were produced by O’Doherty and Tol (2007) 
but are dated, to 2000. To overcome this, emission factors from the UK Department for 
Environment Food and Rural Affairs for 2011 were used (DEFRA, 2014). These were 
presented in the Standard Industrial Classification (SIC) of economic activities utilized in the 
UK. The CSO in Ireland uses ‘Nomenclature générale des Activités économiques dans les 
Communautés Européennes’ (NACE) Rev.2 categories that share many similarities to SIC. 
However, there was a need to amalgamate some of the SIC categories in order to find emission 
factors for some of the NACE categories. It was assumed that when 2 or more SIC categories 
were combined into one NACE category each product made up an equal share of the total 
monetary values of the NACE category. To improve accuracy, the share of each of these 
products would need to be found and weighted accordingly. However, this was beyond the 
scope of this study. Emission factors were converted from kgCO2e/£ to kgCO2e/€ by 
multiplying by 0.86, following the yearly exchange rate 1.15 for 2011 (OFX, 2018). To 
harmonise 2011 emission factors to 2014, purchaser prices were multiplied by 0.965 to account 











supply chain carbon emissions were estimated at 379,545 tCO2e for 2014. Adjusting emissions 
for growth in HEC GIA since 2014, supply chain carbon emissions were estimated as 398,955 
tCO2e for 2016. In order to avoid double counting of emissions that have already been estimated 
from bottom up approaches, supply chain emissions relating to electricity and gas, petroleum, 
water and waste were subtracted from the total supply chain emissions. Total supply chain 
emission for 2016 thus adjusted was estimated as 232,558 tCO2e.  
Total carbon emissions for the sector in 2016 were estimated for Scope 1, 2 and 3 as 59,738 
tCO2, 107,979 tCO2 and 330,174 tCO2e respectively (Table 1). It should be noted that scope 3 
emissions are reported in tonnes of carbon dioxide equivalent as they were based on UK 
emissions factors where reporting on carbon dioxide equivalent is the convention. While scope 
3 emissions account for the largest share of emissions at 66%, HECs have limited ability to 
reduce these emissions as they tend to be beyond the scope of HEC control, for example, 
commuting and procurement of administrative services. Scope 1 and 2 emissions make up the 
remainder of the HEC sectors carbon emissions accounting for 34%. These emissions take 
place within the campus boundary where HEC have direct control of activities. The focus of 
this paper is on how the deployment of decarbonisation technologies on the building roofs and 
carpark areas of HEC may lower emissions. Ground mounted PV, building integrated wind and 
PV produce electricity that allow for reduction in purchased electricity emissions. Rainwater 
harvesting produces water for greywater applications, which lead to a reduction of water supply 
associated carbon emissions.  
Table 2: Baseline of carbon emissions at Irish HECs. 
Scope Aspect Carbon Emissions 
Scope 1 Stationary Combustion 59,125 tCO2 
Mobile Combustion 613 tCO2 
Scope 2 Purchased Electricity 107,979 tCO2 
Scope 3 Student Commute 71,320 CO2e 
Staff Commute 21,983 CO2e 
Waste 2,191 CO2e 
Water Supply 739 CO2e 
Waste Water 1,383 CO2e 
Supply Chain 232,558 CO2e 
 
4.2. Collation of Building and Carpark Information from HEC Maps  
Online campus maps for Irish HECs were available for 14 institutes of technology and 7 
universities, dated 2016 or, if not available, for latest year. From each map the number of 
buildings and carparks was determined (Table 3). In total 635 buildings were identified, where 
all terraced or physically linked buildings were counted as one building. The number of open 
carparks on HECs in Ireland was found to be 153. The population of the city or town in which 











Table 3: Number of Buildings and open carparks at Irish HEC.  











Athlone Institute of Technology 10 11 Athlone 21,349 
Cork Institute of Technology 14 6 Cork 208,669 
Dublin Institute of Technology 20 2 Dublin 1,173,179 
Dún Laoghaire Institute of Art, Design and 
Technology 
9 4 Dublin 1,173,179 
Dundalk Institute of Technology 14 8 Dundalk 39,004 
Galway-Mayo Institute of Technology 19 8 Galway 79,934 
Institute of Technology Blanchardstown 9 2 Dublin 1,173,179 
Institute of Technology Carlow 13 3 Carlow 24,272 
Institute of Technology Sligo 8 2 Sligo 19,199 
Institute of Technology Tallaght 5 5 Dublin 1,173,179 
Institute of Technology Tralee 14 6 Tralee 23,691 
Letterkenny Institute of Technology 4 5 Letterkenny 19,274 
Limerick Institute of Technology 14 9 Limerick 94,192 
Waterford Institute of Technology 18 4 Waterford 53,504 
Total for Institutes of Technology  171 75   
Dublin City College 36 10 Dublin 1,173,179 
National University of Ireland Maynooth 46 12 Maynooth 14,585 
National University of Ireland, Galway 103 11 Galway 79,934 
Trinity College Dublin 52 0 Dublin 1,173,179 
University College Cork 60 13 Cork 208,669 
University College Dublin 111 18 Dublin 1,173,179 
University of Limerick 56 14 Limerick 94,192 
Total for Universities 464 78   
 
4.3. Estimation of Roof Area and Carpark Area Using Google Earth  
The estimated roof area of each HEC by utilisation of the polygon tool on Google Earth Pro is 
shown in Table 3. The date of satellite imagery was also recorded due to cloudy weather 
conditions affecting the ability to utilise latest available imagery. For example, latest available 
usable satellite imagery for the National University of Ireland, Galway was from 2012. For this 
reason, the Life Course Building was not accounted for in the National University of Ireland, 
Galway roof estimations as the building was constructed after 2012.  Total roof area for the 
sector in Ireland was estimated at 1,027,556m2. A screenshot of the Google Earths dialogue 











Figure 2: Google Earth screenshot of estimated roof area at University College Dublin. 
The same method was utilised to estimate open carpark area at Irish HECs (Table 3). There are 
fewer limitations associated with estimating carpark area using Google Earth as the surface 
under investigation tends to be flat with limited sloping surfaces. Total open carpark area for 
the sector in Ireland was estimated at 461,472m2.  
Table 4: Roof area and open carpark area at Irish HECs.  







Athlone Institute of Technology 32,943 17,440 8/16/2016 
Cork Institute of Technology 57,716 31,615 05/08/2017 
Dublin Institute of Technology 37,264 6,168 05/07/2017 
Dundalk Institute of Technology 57,839 13,600 6/18/2017 
Dún Laoghaire Institute of Art, Design and 
Technology 
10,847 9,817 05/07/2017 
Galway-Mayo Institute of Technology 36,385 20,987 3/16/2011 
Institute of Technology Blanchardstown 17,002 13,932 05/07/2017 
Institute of Technology Carlow 20,831 9,595 8/16/2016 
Institute of Technology Sligo 21,314 16,344 4/20/2014 
Institute of Technology Tallaght 11,554 15,268 6/18/2017 
Institute of Technology Tralee 22,829 17,677 5/31/2016 
Letterkenny Institute of Technology 15,717 9,510 10/01/2015 
Limerick Institute of Technology 35,087 25,902 10/01/2015 
Waterford Institute of Technology 34,436 25,507 08/03/2015 
Total for Institute of Technologies 411,764 233,362  
Dublin City College 61,954 16,682 05/07/2017 
National University of Ireland Maynooth 70,537 24,667 06/02/2016 











Trinity College Dublin 81,440 0 05/07/2017 
University College Cork 77,439 20,740 3/18/2016 
University College Dublin 153,629 67,537 05/07/2017 
University of Limerick 85,385 76,017 10/01/2015 
Total for Universities 615,792 228,110  
 
4.4. Identify and Apply Appropriate Utilisation Factors and Installed Capacity per Unit 
Available Area 
A review of utilisation factors relating to building integrated PV (Singh and Banerjee, 2015) 
identified a range from 0.15 in Greece to 0.95 in Switzerland. Ali et al. 2018 used utilisation 
factors of 0.3 and 0.5 to estimate PV feasibility in the Maldives. The IEA methodology derived 
a utilisation factor of 0.4 from international case studies, was utilized in this study to estimate 
the potential area that is suitable for PV installation at Irish institutions. A more conservative 
utilisation factor of 0.3 was adopted in this study to account for the proportion of listed 
buildings whose historical external facades are legally protected from alteration in Ireland. 
Utilising Google Earth’s polygon tool a recent PV installation at University College Dublin 
showed PV covering 37% of roof area for three individual buildings (Figure 3). This supports 
the assumption that utilisation factors between 0.3 and 0.4 are realistic for Irish HEC.  
 
Figure 3: PV installation at UCD.  
On a flat roof in Ireland, a 26 kW PV installation (Ulster University, 2018), took up an area of 
254 m2 (Google Earth, 2018). This resulted in a PV capacity per unit area factor of 0.102 
kWp/m2. This was lower than the average of 0.152 kWp/m2 of PV installations at Irish public 
sector buildings based, on data from Hosford and Cole, 2015. However, the latter data relate to 
PV panels only and did not account for the spaces between panels. For this reason, coupled 
with the need for methodical consistency with Google Earth being utilized to estimate the roof 
area of Irish institutes, the PV per unit area factor of 0.102 kWp/m2 was selected as most 
appropriate. The 0.102 kWp/m2factor also agrees with that of an Irish PV installer, namely that 
a 1kW PV system, at 35° to the horizontal on a flat roof takes up an area of 9m2 giving 0.1 












A utilisation factor of 0.5 was deemed to be the area of unshaded or open carparks that are 
suitable for carport PV installations at Irish HECs. Selection of this utilisation factor was based 
on the methodology used by Alghamdi et al. 2017 in relation to carport PV deployment based 
on a university campus in Saudi Arabia. The authors assumed that 17 m2 ground space was 
needed for a typical car port which provided a total roof space of 18.1 m2, at 20° inclination to 
the horizontal and an installed PV capacity of 2.75 kWp. This results in a PV installation 
capacity per unit ground area of 0.16 kWp/m2.  
 
No literature was identified relating to utilisation factors for building integrated micro-wind 
turbines. It was assumed that 20% by area of Irish HEC roofs was flat and structurally suitable 
for building integrated wind turbines. The number of potential wind turbines that may be 
installed was estimated assuming that a turbine was installed for every 500m2 of suitable roof 
area. Applying these assumptions to Irish HECs resulted in a potential for 412 building 
integrated micro-wind turbines. The Kingspan KW6 (6kW) was the turbine model adopted here 
as it requires a low cut-in speed of 2.5 m/s which is frequently achieved at 20m heights in 
Ireland (SEAI, 2018b).  
 
In relation to rainwater harvesting it was assumed that all the available roof area and carpark 
area had the potential to be utilised for greywater applications. In Ireland the runoff coefficient 
of roofs was found to be between 0.7 and 0.9 (Li et al., 2010). That is, 70-90% of the volume 
of rain water that falls on a roof surface then runs off the surface with additional losses due to 
spillage, leakage, roof wetting and evaporation (Li et al., 2010). These runoff coefficients were 
applied to carpark area at HECs in Ireland. 
 
The technology installation assumptions applied to the Irish HECs are summarised in Table 4. 
Table 5: Assumptions relating to technology installation at Irish HEC. 
Variable Technology Utilisation Factor Installed Capacity 
per Unit Available 
Area and Runoff 
Coefficients 
Roof Area Photovoltaics 0.3 and 0.4 0.102 kWp/m2 
Micro-wind 0.2 0.002  turbines per m2 
Rainwater harvesting 1.0 0.700 and 0.900 
m3harvest 
water/m3 rainfall 
Open Carpark Area Photovoltaics 0.5 0.160 kWp/m2 















The Photovoltaic Geographic Information System 5 (PVGis5, 2018) energy calculator was 
used to estimate the potential energy output per kWp. The main reason why this tool was 
utilised here is that it provides calculation steps from simple input values to estimates of PV 
output potential. The tool requires input data relating to solar database utilisation, PV 
technology, PV installation size, system loss, mounting position and azimuth. The tool also has 
the ability to estimate PV electricity price based on cost of PV system, its lifetime and interest 
rate. Following data input, the user then selects the site of the PV system from a global map 
using a cursor which results in PV output data specific to the site, as shown for the University 
of Limerick in Figure 4.  
 
Figure 4: PVGis5 input data and results for University of Limerick building integrated PV system of 1kWp. 
Input data for all building integrated PV at Irish HECs in this study were: use of the PVGIS-
ERA5 database, crystalline silicon systems of 1kWp with systems loss of 14%, zero azimuth 
and 35° slope. The central point of each HEC was used to estimate campus PV output. Yearly 
PV energy production in kWh for each site was then multiplied by the installed capacity 
identified in the previous step. The same method was adopted in estimating carport PV, with 
input changes to ground mounted position and slope of PV as identified in Alghamdi et al. 
2017 case study.  
To estimate average annual wind speeds at Irish HECs, the SEAI Wind Atlas was utilised 
(SEAI, 2018b). As the focus of this study is on building integrated micro-wind turbines, 
average wind speed for each HEC was found at 20m height above ground. For HECs with more 
than one campus, the wind speed of the main campus was utilised. The average wind speed at 
each HEC was then multiplied by annual energy output at that wind speed derived from 
Kingspan’s KW6 annual energy production curve (SWCC, 2016).  
Estimation of rainfall at each HEC was based on 30-year rainfall averages between 1981 and 
2010 (Met Eireann, 2018) for the closest weather station to each HEC main campus. The 
nearest weather station was determined using the Google Earth measurement tool. Assuming 
all roof areas at Irish HEC were used to collect rainwater, the potential rainwater that may be 











Potential resource output from each building integrated decarbonisation technology at 
respective utilisation factors for each HEC is shown in Table 6.  

























Athlone Institute of 
Technology 
136 922 1,230 19,502 25,074 
Cork Institute of 
Technology 
122 1,766 2,355 49,609 63,783 
Dublin Institute of 
Technology 
94 1,140 1,520 19,772 25,422 
Dún Laoghaire 
Institute of Art, 
Design and 
Technology 
40 345 460 5,755 7,400 
Dundalk Institute of 
Technology 








71 526 701 9,021 11,599 
Institute of 
Technology Carlow 
46 617 823 13,204 16,976 
Institute of 
Technology Sligo 




45 357 476 6,131 7,882 
Institute of 
Technology Tralee 




29 447 5,96 11,838 15,220 
Limerick Institute 
of Technology 
74 1,001 1,334 24,011 30,871 
Waterford Institute 
of Technology 
120 1,085 1,447 21,827 28,064 
Total for Institutes 
of Technologies 
1,351 12,288 15,789 283,670 364,720 




299 2,083 2,777 37,427 48,120 
National University 
of Ireland, Galway 
497 2,512 3,349 58,446 75,145 
Trinity College 
Dublin 
206 2,614 3,323 43,212 55,558 
University College 
Cork 
92 2,393 3,191 66,561 85,579 
University College 
Dublin 













173 2,438 3,250 58,431 75,125 
Total for 
Universities 
1,888 18,844 24,962 378,466 486,598 
 
Potential resource output from carpark deployment of decarbonisation technologies at Irish 
HEC carparks is shown in Table 7. 
Table 7: Annual resource output potential of carpark decarbonisation technologies at Irish HECs.  
HEC Carpark rainwater 
harvesting m3 (0.7 runoff 
coefficient) 
Carpark rainwater 
harvesting m3 (0.9 runoff 
coefficient) 
Carport PV MWh 
Athlone Institute 
of Technology 
7,375 6,637 1,233 
Cork Institute of 
Technology 
19,411 17,470 2,456 
Dublin Institute of 
Technology 
2,338 2,104 479 
Dún Laoghaire 
Institute of Art, 
Design and 
Technology 
3,721 3,349 785 
Dundalk Institute 
of Technology 












4,345 3,910 722 
Institute of 
Technology Sligo 












5,116 4,605 683 
Limerick Institute 
of Technology 








115,987 104,388 17,695 
Dublin City 
College 


















10,982 9,884 1,672 
Trinity College 
Dublin 
0 0 0 
University 
College Cork 
12,733 11,460 1,633 
University 
College Dublin 
25,597 23,037 5,403 
University of 
Limerick 
37,158 33,442 5,504 
Total for 
Universities 
102,141 91,927 17,349 
 
4.6. Annual Carbon Saving Potentials  
Total carbon emissions from Irish HEC electricity consumption was reported to be 107,979 
tCO2 in 2016 (SEAI, 2018a). To estimate annual potential carbon savings resulting from carport 
PV, building integrated PV and micro-wind turbine installations, the estimated energy output 
for each technology was multiplied by the national average grid intensity of 483 gCO2/kWh 
for 2016 (SEAI, 2017b). The total potentials for decarbonisation-supporting technologies that 
produce electricity are shown in Table 8.  The reduction in electricity grid carbon emissions 
for each technology was quantified, with building integrated micro-wind saving 1%, while 
building integrated PV deployed on 40% of HEC roofs resulted in estimated carbon savings of 
19%. 
Table 8: Annual carbon saving potential of electricity generating decarbonisation technologies at Irish HECs.  
Technology Carport PV  BI micro-wind  BI PV (Utilisation 
factor of 0.3) 
BI PV (Utilisation 
factor of 0.4) 
Carbon reduction 
potential 





16% 1% 14% 19% 
 
Based on online published data for four Irish HECs, an average water yield of 0.8 m3/m2 /yr 
was estimated, which for the sector represents 2,147,248 m3 per annum. Using the water supply 
emission factor of 0.344 kgCO2e/m
3 from the UK Department of Business, Energy and 
Industrial Strategy (DBEIS, 2018), carbon emissions from water supply for HEC in Ireland 
was estimated as 739 tCO2e.  To estimate carbon savings from rainwater harvesting, the volume 
of water collected was multiplied by the water supply emission factor of 0.344 kgCO2e/m
3 











harvesting ranged from 31-40%, while carpark rainwater harvesting has the potential to reduce 
emissions by 7-9%.  
Table 9: Carbon saving potential of rainwater harvesting at Irish HECs.  













Carbon Savings 228 tCO2e 293 tCO2e 53 tCO2e 68 tCO2e 
Reduction relative 
to water supply 
carbon baseline  
31% 40% 7% 9% 
 
5. Discussion  
The results obtained from application of the proposed method to the Irish HEC sector show 
that there is significant potential for the deployment of decarbonisation technologies onsite.  
Roof area coupled with local climatic conditions and utilisation factors were used to estimate 
a carbon saving potential of almost 19,962 tCO2 from deployment of building integrated PV, 
1,565 tCO2 from building integrated micro-wind turbines and 293 tCO2e from rainwater 
harvesting for Irish HEC. The carbon savings associated with deployment of decarbonisation 
technologies on open car parks were estimated as 16,919 tCO2 from carport PV systems and 
68 tCO2e from rainwater harvesting. While these estimations show what is technologically 
feasible, the deployment of such technologies in a ‘real world’ context may be expected to be 
complicated by social and economic constraints. Further studies on such social and economic 
constraints are required for a more comprehensive assessment of the overall feasibility of 
technology deployment.   
The analysis presented here also uncovered hitherto unpublished findings in relation to the 
relationship between campus attributes and their location. The GIA of 6 universities and 7 
institutes of technology (SEAI, 2018a) and their roof area, as estimated in this paper, 
highlighted a strong correlation, with an R2 value of 0.8882 (Figure 5). Differences in urban 
density in part may explain differences:  Trinity College Dublin (green) had the lowest roof to 
GIA ratio as it is embedded in Dublin’s high-density city centre, while the National University 
of Ireland, Galway (red) had the greatest ratio as it is located in the lower density suburbs of 












Figure 5: Relationship between GIA and roof area at Irish HECs 
The relationship between GIA and carpark area was less evident, with an R2 value of 0.1812 
(Figure 6).  Urban form was identified as a better indicator for carpark area, with city centre 
campuses having lower carpark area (red) while large suburban universities (green) had the 
greatest carpark area. The relationship between institute of technology (blue) carpark area and 
GIA was relatively consistent as they were primarily located in city suburbs or towns, with 
lower student and staff numbers.  
 
Figure 6: Relationship between GIA and open carpark area at Irish HEIs.  
The method described here may be also applicable to larger-scale urban transitions. As open 
carparks occupy substantial spaces in cities globally (Figure 7), the insights arising from 
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application of the method, in quantifying decarbonisation opportunities to use carparks to 
generate renewable energy, might be useful in urban planning decisions.  
 
Figure 7: Open Carparks from around the world (Alghamdi, et al., 2017).  
At a wider scale, similarity between building footprint geometries of HECs, commercial sector 
buildings and industrial buildings (Figure 8) makes application of the proposed method 
particularly relevant in estimating deployment potential of decarbonisation technologies in 
these sectors. Applicability of the method to residential buildings is less clear, due to lack of 
similarity between typical HEC buildings and the diversity of building forms present in the 
residential sector.  
 
Figure 8: Irish HEC (left), industrial estate (centre) and commercial buildings (right), all located in Dublin city Ireland 
(Google Earth, 2018). 
4. Conclusions 
This paper has described a method for the quantitative estimation of the potential for 
decarbonisation technologies deployment at HEC, and is designed to overcome major data gaps 
which currently prevent more precise measurement. The approach harnesses publicly available 
free tools and data to facilitate global application, with attendant opportunities in linking 
student curriculum learning to their HEC environment. The approach was applied to Irish 
HECs to illustrate its usefulness, which in turn generated new knowledge relating to the Irish 
HEC carbon footprint baseline, estimation of the sector’s roof and carpark area, the sector’s 
potential to deploy decarbonisation technologies and create a useful typology of Irish HECs. 
Carbon savings from electricity generating decarbonisation technologies were found to be 
potentially significant. Similarly, there was found to be significant potential to reduce water 
supply associated carbon emissions.  Results showed there is a strong relationship between 











with urban form identified as a more important factor in estimating carpark area at HEC. The 
proposed approach is applicable to sectors outside HEC particularly relating to the commercial 
and industrial sectors to similarity in building footprint characteristics. The open carpark 
component of the methodology is also applicable to city-scale analysis due to uniformity in 
form of open carparks worldwide. This highlights the usefulness of this approach through 
informing urban transitions towards decarbonisation.  
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Appendix 
Acronyms 
GIA: Gross Internal Area 
HEC: Higher Education Campus 
TFC: Total Final Consumption  
 
AC
CE
PT
ED
 M
AN
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C
IP
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